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ABSTRACT
As part of the accretion discs in Hαwith OmegaCAM (ADHOC) survey, we imaged a region of 12×8 square degrees around the Orion
Nebula Cluster in r, i and Hα. Thanks to the high-quality photometry obtained, we discovered three well-separated pre-main sequences
in the color-magnitude diagram. The populations are all concentrated towards the cluster’s center. Although several explanations can
be invoked to explain these sequences, we are left with two competitive but intriguing scenarios: a population of unresolved binaries
with an exotic mass ratio distribution, or three populations with different ages. Independent high-resolution spectroscopy supports the
presence of discrete episodes of star formation, each separated by about a million years. The stars from the two putative youngest
populations rotate faster than the older ones, in agreement with the evolution of stellar rotation observed in pre-main sequence stars
younger than 4 Myr in several star forming regions. Whatever the final explanation, our results prompt a revised look at the formation
mode and early evolution of stars in clusters.
Key words. stars: pre-main sequence – open clusters and associations: individual: Orion
1. Introduction
Young stellar clusters are conspicuous components of our
Galaxy. They are the best test beds of the stellar initial mass
function because they are assumed to be entities of a com-
mon origin, that is, born from the same molecular cloud ma-
terial, and at the same time. Observations have shown, however,
that the stars born in one and the same cluster are not as co-
eval as expected. In fact, stellar age spreads up to several mil-
lion years have been postulated for several clusters from fit-
ting isochronal ages to the position of cluster-member stars in
the Hertzsprung-Russell diagram (HRD; e.g., Cargile & James
2010; Cignoni et al. 2010; Reggiani et al. 2011; Bell et al. 2013;
Balog et al. 2016). However, whether this observation is a con-
sequence of a continuous star formation process lasting over
several dynamical time scales, or is rather caused by differ-
ent accretion histories within an otherwise coeval population of
pre-main sequence (PMS) stars, is widely debated (Da Rio et al.
2010; Jeffries et al. 2011).
The Orion Nebula Cluster (ONC) is the nearest (414 pc;
Menten et al. 2007) populous young stellar cluster and hence the
best laboratory for testing the existence of stellar age spreads.
Palla et al. (2005, 2007) were the first to point out an apparent
large age spread of ∼10 Myr based on the evidence of lithium
depletion in some stellar cluster members. Da Rio et al. (2010)
interprets the luminosity spread of the ONC’s PMS as an age
spread of 0.3−0.4 dex with a mean age of 3−4 Myr depending
on the models.
In this article we present a photometric study of a 12◦ × 8◦
area including the ONC. We report the detection for the first time
of multiple sequences in the observed optical color-magnitude
diagram of the ONC.
2. Observations and data reduction
The images used in this work were collected with the wide-
field optical camera OmegaCAM on the 2.6-m VLT Survey Tele-
scope (VST) at Cerro Paranal in Chile. OmegaCAM consists of
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a mosaic of 32 CCDs and samples a 1 deg2 field of view (FoV)
with a pixel sampling of 0.21 arcsec pixel−1. Orion was sampled
through the r, i broad-band filters and the Hα narrow band as
part of the Accretion Discs in Hα with OmegaCAM (ADHOC)
survey (PI: Beccari). Each target region is sampled in groups of
three overlapping fields, and in each group the fields are con-
tiguous with a footprint close to 3 × 1 deg2. For each position
in sky we acquire two exposures of 25 sec in r and i and three
images of 150 sec exposure with the Hα filter. The frames were
collected between October and December 2015 and the median
image quality is 0.′′91 ± 0.′′16.
The pattern to these observations is similar to that of the
VPHAS+ survey, and the data have passed through the same
pipeline (see Drew et al. 2014, for more details). The entire
dataset was fully processed, from the bias, flat-field, and lin-
earity correction to the stellar photometry at the Cambridge As-
tronomical Survey Unit (CASU). The magnitude for each star
is extracted using aperture photometry adopting an algorithm
based on IMCORE1 (Irwin 1985) and the nightly photometric
calibrations are also performed. We downloaded the astrometri-
cally and photometrically calibrated single band catalogs from
the VST archive at CASU2. Stars lying in the overlap region
between adjacent fields were used to adjust residual photomet-
ric offsets. The photometric calibration of the final band-merged
catalog covering the entire area was checked against a catalog
of stars from the AAVSO Photometric All Sky Survey, used
as a secondary standard catalog. The final catalog allows us
to homogeneously sample the stellar populations in a region of
12◦ × 8◦ size in Orion down to r ∼ 20.
3. Three distinct pre-main sequences in the ONC
We show in Fig. 1a the (r− i) versus r color−magnitude diagram
(CMD) of the stars located inside a radius of 1.◦5 from the center
of the ONC. The population of PMS objects is well detected and
occupies the reddest side of the CMD above the population of
back/foreground stars in the magnitude range 14 < r < 20 and
(r − i) > 1, which roughly corresponds to PMS stars of masses
between 0.2 and 1 M (see also Da Rio et al. 2009, 2016). A re-
markable feature is well visible on the CMD shown in Fig. 1a,
that is, the presence of at least two distinct and near-parallel
sequences of PMS stars. Following De Marchi et al. (2016), in
Fig. 1b we have applied to the CMD the “unsharp-masking”
technique of Spiegler & Juris (1931) in order to enhance the
high-frequency features in the diagram. The result shown in
Fig. 1b further supports the detection of at least two distinct
PMSs in the CMD diagram. We stress here that by inspecting
the entire surveyed area we found that this feature is clearly de-
tectable only in the ONC region.
We used a simplified version of the method described
in Milone et al. (2009) to further investigate the existence of two
or more distinct sequences in the CMD. In Fig. 2a we show a
portion of the CMD zoomed on the population of the PMS. In
order to increase the contrast of the ONC population against the
back/foreground stars, we show only stars inside a radius of 0.◦5
from the center of the cluster. The black line shows the mean
ridge line of the blue PMS. We then calculate the distance in r− i
color of each star in a magnitude range 15.5 < r < 16.5 from
the mean ridge line arbitrarily chosen as a reference line. We
adopted this magnitude range to provide an adequate statistical
balance between the number of stars in the PMS population and
1 Software publicly available from http://casu.ast.cam.ac.uk
2 http://casu.ast.cam.ac.uk/vstsp/
the contamination from field stars. The distance of each star as
a function of the r magnitude is shown on panel (b) of the same
figure. Panel (c), the histogram of the distances in (r − i) color,
clearly shows the presence of three distinct populations of PMS
stars well separated in color on the CMD. Indeed the Hartigans’
dip test confirms that the distribution of the color distances is in-
compatible with a uni-modal’s one. The number fraction of stars
belonging to the two populations with the reddest colors (green
and red in the figure) compared to the reference one (blue) is 0.5
and 0.15, respectively. These fractions hold (within the statisti-
cal uncertainties) even after accounting for contamination, which
we estimated to be between 15 and 40% based on the CMD of a
control field located a few degrees west of the ONC, and spec-
troscopic membership information from APOGEE spectra (see
Sect. 6).
Next, we investigate the spatial distribution of stars belong-
ing to the different sequences. In Fig. 3 we show the surface
densities of the three populations. These density plots are calcu-
lated using all the stars belonging to the three PMS populations
selected in the color and magnitude ranges shown in the CMD
of Fig. 2. We calculate the densities using the GATHER method
from Gladwin et al. (1999). In the maps of Fig. 3 we show the
position of the stars with respect to the ONC nominal center
(solid circles) together with the density contours, which were
scaled to the maximum value of each population. It emerges that
the density distributions of the three populations all peak around
a common center. The blue population seems to be slightly more
sparsely distributed with respect to the spatial distribution of the
stars belonging to the green and red populations.
We used the Minimal Spanning Tree (MST; Allison et al.
2009) to assess if any difference in the spatial distribution of
the populations is present and at what level of significance. The
MST is the unique set of straight lines (“edges”) connecting a
given sample of points (“vertices”; in this case the star coor-
dinates) without closed loops, such that the sum of the edge
lengths is the minimum possible. Hence, the length of the MST
is a measure of the compactness of a given sample of ver-
tices (Cartwright & Whitworth 2004). The MST is a powerful
algorithm to study population distributions since it can be used
without assuming that the studied populations are distributed
around the same center of gravity, which is mandatory when us-
ing the Kolmogorow-Smirnov (KS) test. The weakness of this
method is that it must be assumed that the photometric complete-
ness of the compared populations is the same. We have selected
the populations in a common range of magnitudes that are af-
fected by the same level of completeness. The fact that the three
populations are affected by the same contamination from field
stars, makes it impossible to use the MST when the number of
genuine members is low, which is the case for the red popula-
tion. For this reason we limit the use of the MST to the blue and
green populations.
We first estimate the MST of all the stars in the green pop-
ulation. Then we randomly extract 1000 sets of stars belonging
to the blue population equal in number to the number of stars in
the green population. We compute the MST of the blue popula-
tions as the mean and the standard deviation of the distribution
of 1000 MSTs. Hence, we calculate3
ΛMSTblue =
MSTblue
MSTgreen
· (1)
3 We highlight here that ΛMST = 1 means that the compared pop-
ulations are equally distributed in space while a value greater than one
indicates that the population at the numerator is more spatially extended
than the one at the denominator.
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Fig. 1. a) The (r − i), r color−magnitude
diagram of a region of 1.◦5 radius centered
on the ONC. The arrow represents a redden-
ing vector for Av = 1.8 (typical for Orion;
Schlafly et al. 2014) and extinction curve with
Rv = 3.1 (Cardelli et al. 1989). The photomet-
ric errors (magnitudes and colors) are indicated
by black crosses; b) the same CMD shown in a)
after unsharp masking.
Fig. 2. a) Portion of the CMD zoomed on the
PMS. The black line shows the mean ridge line
of the blue population; b) rectification of the
CMD shown in panel a); c) histogram of the dis-
tance in (r − i) color of the PMS stars from the
mean ridge line of the bluest population.
We find that ΛMSTblue = 1.16 ± 0.03, which indicates that the
blue sequence is slightly more sparsely distributed with respect
to the green one with a 5σ significance.
4. The unresolved binaries/multiples scenario
The appearance of multiple parallel sequences in the CMD as
shown in Fig. 1 could be caused by (1) a single coeval population
consisting of single stars and unresolved binaries and higher or-
der multiples; or populations (2) at different distances; (3) with
different extinction Av; or (4) with different ages. In this and the
following sections we discuss these four hypotheses.
Any unresolved binary system would appear in a CMD as a
single star with a flux equal to the sum of the fluxes of the two
components. This effect produces a systematic over-luminosity
of these objects and a shift in color which depends on the
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Fig. 3. Surface density of the three populations, old (in blue), young (in green), and very young (in red) together with the position of the stars. The
plots have been centered on the ONC nominal center. All contours are normalized to the maximum value of the population itself. The location of
the stars belonging to each population (solid dots) are also shown.
magnitudes (and hence mass) of the two components in each
passband. When the mass ratio of two stars in the binary sys-
tem is q = 1 (equal mass binary), the unresolved binary sys-
tem appears 0.752 mag brighter than the individual component’s
brightness. The peak of the distribution of the green population
is ∼0.75 mag brighter than the blue population (Fig. 1a) and this
distribution may therefore well reflect the presence of a popula-
tion of unresolved ONC binaries. Under the assumption that the
green and red sequences represent the binaries and higher-order
multiples of the ONC members, we derive a multiplicity frac-
tion of 39%. This number would support the unresolved binary
hypothesis given that this fraction overall agrees with that seen
for low-mass stars in other young clusters (Luhman et al. 2005;
Reipurth et al. 2014) and with the multiplicity fraction among
field M-dwarfs (Duchêne & Kraus 2013).
Besides the total fraction, the companion mass ratio distri-
bution plays an important role in shaping the CMD appearance.
Determinations of the mass ratio distribution for ONC binaries
are rare. Those studies that have derived mass ratios for close vi-
sual systems and spectroscopic systems find no indication for
an equal mass preference (Daemgen et al. 2012; Correia et al.
2013; Kounkel et al. 2016), that is, for those systems that lead to
the largest displacement in luminosity in the CMD. At most, the
observed mass ratio distribution slightly increases from low q
to higher q (Correia et al. 2013), although this result is most
likely affected by incompleteness and selection effects at low
q. Ward-Duong et al. (2015) performed a companion survey of
245 late-K to mid-M (K7-M6) dwarfs within 15 pc and found
that the mass ratio distribution across the q = 0.2 − 1.0 range
is flat. This seems to be a general result. Numerical simulations
of primordial binaries (e.g. Bate 2009) produce an f (q) that is
rather flat too. Moreover f (q) seems to be rather insensitive to
dynamical disruptions and interaction processes within the clus-
ter (Parker & Reggiani 2013).
The marked CMD morphology, and in particular the pres-
ence of the two gaps in the distribution of colors shown in
Fig.2c, allows us to investigate which combination of total bi-
nary frequency and companion mass ratio distribution could
explain the observed CMD, and which can be excluded. For
this, we performed Monte Carlo simulations and tested a range
of total binary fractions and mass ratio distributions f (q)4.
We randomly draw a star from the blue sequence (with its
r and i magnitudes) and, using the mass-luminosity relation
from Bressan et al. (2012), we determine its mass. We then draw
a mass ratio from a given f (q) distribution, and add a compan-
ion with a mass q m1. We then compute the color and magnitude
of the resulting binary and can then see where the thus obtained
binary falls in the CMD. Finally, we compare the obtained his-
tograms of colors with that observed in Fig.2c. A range from
40% to 100% in binary fraction and different f (q) of the form
uniformly flat, linearly increasing, quadratically increasing, or
step-like were explored. In Fig. 4 we show a number of repre-
sentative results.
It is clear that the canonical case of 40% binary fraction with
a uniform mass-ratio distribution, as shown in the upper pan-
els of Fig. 4, does not provide a satisfactory agreement with the
observations. Increasing the fraction of binaries even worsens
the comparison with observations, as does a lower total binary
fraction. We conclude that a uniformly flat mass ratio distri-
bution is not able to reproduce the observations, in particular
it is not capable of reproducing the obvious, significant gaps
in the CMD. When assuming other mass-ratio distributions we
can achieve reasonable fits (e.g., second to fourth-row panels in
Fig. 4). Here we considered as reasonable fit any solution with
a reduced χ2 < 2 which indicates that it can be trusted with
99.5% confidence. The solutions come with some caveats, how-
ever. A linearly increasing f (q) (second-row panels of Fig. 4)
appears only possible in combination with a total binary frac-
tion of around 60%. However, such high overall binary frequen-
cies among ONC low-mass stars are not observed. For visual
4 We note that when doing this, we only use the blue and green popu-
lations, and ignore for now the red population.
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Fig. 4. Left panels: histograms of the distance
in the (r − i) color of the PMS stars from the
mean ridge line of the bluest population, as ob-
tained with our Monte Carlo simulations (black,
heavy lines) and as observed (red). Right pan-
els: corresponding assumed distribution of the
mass ratios of all the binaries in our simulated
sample. The χ2 of each solution is also indi-
cated in the left panels. Both top panels corre-
spond to the canonical cases of 40% multiplic-
ity and a uniform mass ratio distribution.
binaries with separations between a few tens and a few hundreds
of AU (which would indeed appear unresolved in our Omega-
CAM observations) various studies have consistently found that
the ONC binary fraction is even slightly lower than in the
field (Petr et al. 1998; Köhler et al. 2006; Reipurth et al. 2007).
Also very close binaries with separations <10 AU that have
been traced by a multi-epoch spectroscopic study (Tobin et al.
2013; Kounkel et al. 2016) do not show any excess in compan-
ions, but are again consistent with field star fractions. Hence,
the overall binary fraction cannot noticeably exceed 40% unless
these excess binaries are all in the narrow separation range of
∼10−40 AU which seems very unlikely. On the other hand, if we
enforce mass ratio distributions that are strongly skewed towards
high mass ratios, such as a quadratically increasing or step-like
function where the majority of systems would have q > 0.6,
then a simulated population with a total binary fraction as low
as 35−40% can reproduce the observations (third and fourth row
panels of Fig. 4). Actually, also higher total binary fractions, up
to 65% would be feasible according to our simulation. In this
case, however, the blue population would contain a large num-
ber of unresolved low q systems. Such specific mass ratio dis-
tributions are at odds with observations. We are thus led to the
conclusion that in order for the binary hypothesis to be valid, one
would need to postulate a very distinct mass-ratio distribution.
In the same vein, the reddest sequence we find in the CMD
would be even more difficult to explain, as it would require triple
systems, where the mass ratio distributions would also need to
be quite tailored, that is, the mass ratios of both secondaries and
tertiaries would need to be strongly peaked to q > 0.8 and be
highly similar.
Although formally we cannot exclude the presence of a pop-
ulation of binaries with an unusual f (q), the fact that no young
binary population in any star forming region has shown indi-
cations of such a usual f (q), casts some doubts on binaries as
the origin for the observed multiple sequences. On the other
hand, if confirmed, this fact would certainly challenge many
of the studies published so far on the stellar population in the
ONC whenever such stars were considered as single objects (e.g.
Hillenbrand et al. 2013; Da Rio et al. 2016).
5. Differential Av and distances scenario
Any effect of differential extinction can be rejected by the fact
that the reddening vector as shown on the CMD of Fig. 1a runs
parallel to the PMSs.
Moreover, as shown in Fig. 5 we have verified that the stars
from the three sequences have approximately the same distri-
bution of visual extinction Av. For this comparison we adopted
the Av provided by the spectroscopic analysis of Da Rio et al.
(2016).
An alternative explanation for the presence of the green and
red sequences could be a PMS population located more than
100 and 200 pc in the foreground of the blue sequence, re-
spectively. Alves & Bouy (2012) suggested that the population
of PMS around ι Ori belongs to the association NGC 1980 and
represents a population of 4−5 Myr old stars located at ∼30 pc
in the foreground of Orion A (Bouy et al. 2014). In their de-
tailed spectroscopic analysis Da Rio et al. (2016) rule out this
hypothesis, finding that the candidate foreground population is
kinematically indistinguishable from the Orion A’s one. They
conclude that the old population studied by Bouy et al. (2014)
witnesses the earliest (i.e., oldest) episode of star formation in
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Fig. 5. Distribution of the visual extinction, Av, for the stars from
the three populations, old (in blue), young (in green), and very young
(in red). The inset shows the normalized cumulative fraction. The
Kolmogorov-Smirnov test indicates that the Av distribution of the
old and intermediate-young populations are extracted from the same
parental distribution with more than 5σ significance. The very young
population shows signs of a slightly higher Av distribution but is af-
fected by low number statistics.
the ONC. The three distinct PMS populations found in our CMD
and their spatial distribution are not compatible with the pres-
ence of an old foreground population of PMS stars. Fang et al.
(2017) performed and extensive spectroscopic analysis of 691
“foreground” stars in the Orion A region and confirm that
NGC 1980 is not a foreground population. Considering that the
candidate foreground population studied by Bouy et al. (2014)
is located more than 1 deg south with respect to the peaks of the
density maps of the three populations shown in Fig. 3 we think
that it is unlikely to be related.
6. Three discrete episodes of star formation
In the previous sections we show that differential extinction or
distance offsets are very unlikely able to explain the discovered
features in the CMD. The presence of unresolved binary and ter-
tiary populations reproduce the CMD morphology only if the
underlying mass ratio distribution is rather unusual (Fig. 4).
We here explore the possibility that age is the origin of the
discreetness of the color distribution of the PMS in the ONC.
We verified that the distance in magnitude between a 1 Myr and
a 3 Myr PMS isochrone from Bressan et al. (2012) in the r, r − i
CMD is indeed ∼0.75, that is, equal to the the shift in luminosity
due to unresolved binaries. This unfortunate fact is at the root of
the difficulty to distinguish between the binary hypothesis and
the multiple-populations scenarios5.
In order to assign ages to the stars belonging to the three
distinct PMS populations, we use the measurements presented
by Da Rio et al. (2016, D16 hereafter). D16 performed a spec-
troscopic study of the young stellar population of the Orion A
5 We verified that the use of different combinations of filters would not
help in this respect.
Fig. 6. Distribution of the logarithm of the spectroscopically determined
ages for stars from the three populations, old (in blue), young (in green),
and very young (in red) with the best Gaussian fits indicated.
molecular cloud with the APOGEE spectrograph. In their work
they measured accurate stellar parameters (Teff , log g, v sin i) and
extinctions and concluded that star formation in the ONC pro-
ceeds over an extended period of ∼3 Myr age. We have cross-
correlated our stars with the catalog of stellar parameters (in-
cluding age, temperature, and extinction) published in Table 4
of D16. We used these stellar parameters to study the properties
of the three candidate populations of PMS stars as selected in
Fig. 2. In order to have a sample which is as free as possible
from any contamination we removed stars from their study that
did not clearly obey a PMS mass-luminosity relation and that,
based on the effective temperature, mass, and luminosity, cannot
populate the PMS region in the HRD. We were left with 111,
63, and 24 stars for the three sequences (blue, green, and red),
respectively.
In Fig. 6 we show the distributions of the ages derived by
D16 of the stars in the three samples. These age histograms in-
dicate that the three sequences that we discovered in the photo-
metric study have distinct ages, with the bluer population being
the oldest. We have fitted the distributions with Gaussians, using
a χ2-minimization technique, to derive the mean and standard
deviation (σ). As these are distributions of the logarithm of the
ages, we then estimated the corresponding distributions of the
ages and computed the respective 1-σ and 5–95% intervals. Our
results are shown in Table 1.
This finding is consistent with the hypothesis that the forma-
tion of the population of PMS stars in the ONC that was thought
to be the outcome of a single episode extended over 3 Myr is
instead best described by three discrete and sequential episodes
of star formation over the same time span.
D16 also provide stellar rotational velocities. However, spec-
troscopy only provides v sin i, where i is the unknown inclination
of the rotation axis on the plane of the sky. As we may assume
that i is isotropically distributed in the sky, it is possible to decon-
volve, using a Richardson-Lucy method (see Boffin et al. 1993),
the v sin i distributions to obtain the distributions of v. These are
shown in Fig. 7 and Table 1, where it is clear that not only do the
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Fig. 7.Distribution of the logarithm of the rotational velocity of the stars
from the three populations, old (in blue), young (in green), and very
young (in red). The inset shows the normalized cumulative fraction. The
Kolmogorov-Smirnov test indicates that the distribution of rotational
velocity of the old and younger populations is not extracted from the
same parental distribution with more than 5σ significance. The same
applies when the non-deconvolved rotation velocities are used.
Table 1. Properties of the three populations.
Old Young Very young
Mean log age (yr) 6.46 ± 0.06 6.27 ± 0.09 6.09 ± 0.07
Mean age (Myr) 2.87 1.88 1.24
1-σ age interval (Myr) 2.51–3.28 1.55–2.29 1.08–1.53
5–95% interval (Myr) 2.30–3.58 1.37–2.60 1.04–1.63
Rotational velocity (km s−1) 14+6−4 25
+25
−12 35
+36
−16
three populations have different ages, but they also have differ-
ent rotational velocities; the younger the population, the faster
its members rotate.
Obviously it could be argued that the age and v sin i esti-
mations provided in D16 are incorrect if the redder sequences
are entirely populated by unresolved multiple systems belonging
to the main population. We investigated what would be required
to obtain a broadening of the spectral line profile corresponding
to v = 25 km s−1 (the peak of the young/green population) start-
ing from a binary system containing two stars with v = 14 km s−1
(the peak of the old/blue population). It appears that this can only
be explained if the binaries have orbital periods between ∼2 and
∼12 months, that is, a very narrow range of periods. Indeed, if
the orbital period is greater than ∼1 year then the maximum dif-
ference in velocities between the two stars is too small and can-
not widen the line and make it appear as a fast rotating star. If,
on the other hand, the orbital period is less than 2 months, the
difference in velocity is such that a double peaked line profile
is detected and, therefore, should have been easily visible in the
APOGEE spectra used by D16.
The proponents of the binary hypothesis could also argue
that the difference in rotational velocities could be due to tidal
effects, as they would spin-up the stars. However, this can only
work if the stars were very close to each other, that is, with an
orbital period of a few days or less (e.g., Mathieu 1992). Thus,
whatever explanation one chooses, one requires a very specific
orbital period distribution, unlike what is observed for such stars.
Coupling this fact with the narrow distribution of f (q) makes the
overall multiplicity scenario very unlikely.
On the other hand, in their seminal work, Rebull et al. (2004)
studied the evolution of periods and projected rotational veloc-
ities, v sin i, of young PMS stars in the range K5−M2 in sev-
eral star forming regions, including the ONC. They find a de-
crease in mean v sin i as a function of age, and conclude that a
significant fraction of all PMS stars must evolve at nearly con-
stant angular velocity during the first 3–5 Myr. Several studies
have been performed to look for a suitable explanation of this
behavior, which seems to be related to a process of disk lock-
ing that might regulate the PMS star angular momentum during
early evolution. In short, stars with accretion discs are found to
rotate at much slower rates, suggesting that significant angular-
momentum-removal mechanisms must operate during the first
few Myr of formation (e.g., Davies et al. 2014; Venuti et al.
2017). This scenario, however, has not yet provoked a general
consensus (e.g., Herbst & Mundt 2005; Cieza & Baliber 2006).
In the context of this paper, we notice that our result on stellar
rotation is not unexpected and would support what has already
been shown by Rebull et al. (2004). We will investigate the inter-
esting scenario of a relation between stellar rotation and ongoing
accretion from a circumstellar disk in a dedicated paper (Beccari
et al., in prep.).
7. Conclusion
We present a wide-field optical survey of the stellar population
in a region of 12◦ × 8◦ in Orion. Our CMD shows the presence of
at least two parallel sequences among the PMS stars. The distri-
bution of the r − i colors in the magnitude range 15.5 < r < 16.5
reveals the presence of up to three populations. We investigate
the origin of these sequences, the existence of which has never
before been reported.
We use detailed information (including age, Av, rotational
velocities) published in the spectroscopic work of D16 and look
for comparative properties of the three populations. We can
safely exclude the possibility that differential extinction or dif-
ferent projected distances are responsible for the feature revealed
by our CMD. We are hence left with two competitive and equally
intriguing explanations: A population of unresolved binaries, or
three populations with different ages.
Using a set of Monte Carlo simulations, we tested a range of
total binary fractions and mass ratio distributions f (q) needed to
reproduce the observed CMD. We find that a flat mass ratio dis-
tribution is not able to reproduce the observed color distribution
shown in Fig. 2. The observations can be modeled assuming a to-
tal of 35% to 65% binaries and a f (q) strongly skewed towards
high a mass ratio where the majority of the binaries in the ONC
have mass ratios q > 0.6.
This result, if confirmed, would provide the first and most
solid constraint on the nature of compact binaries in a population
of PMS objects. A dedicated spectroscopic monitoring campaign
is urgently required to constrain the multiplicity fraction among
these populations. This will certainly allow us to unequivocally
distinguish which of the two scenarios best describes reality.
Such a population of binaries populating the CMD of the ONC
would inevitably challenge many of the previously published
studies of stellar populations in the ONC.
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The comparison with the spectroscopic measurements pub-
lished by D16 provides convincing observational evidence in
support of the hypothesis that the ONC contains three popula-
tions of PMS stars, with different ages and rotational velocities.
In particular we find that the younger the population, the larger
the mean rotation velocity.
This result seems not to be unexpected. Rebull et al. (2004)
already reported a decrease of v sin i in the first 5 Myr among
PMS stars in the same spectral range studied in this paper and in
several star forming regions, including Orion. It has been spec-
ulated that the evolution of the angular momentum in solar-type
PMS objects might be regulated by actively accreting circum-
stellar disks through a mechanism of disk-locking. This process
would impact the rotational properties of young stars and influ-
ence their rotational evolution (Davies et al. 2014). In support of
this hypothesis Rebull et al. (2006), using Spitzer mid-IR data
for about 900 stars in Orion in the mass range 0.1−3 M find
that slowly rotating stars are indeed more likely to posses disks
than rapidly rotating stars. There is no agreement in the literature
on this matter and our dataset will be used in a dedicated paper
to further investigate a connection between stellar rotation and
ongoing accretion.
While the unresolved binary hypothesis cannot be ruled out,
the evidence described so far seems to point toward the first de-
tection of distinct generations of PMS stars in the ONC. Inter-
estingly, using Hubble Space Telescope (HST) observations of
the ONC, Reggiani et al. (2011) found that the youngest stars in
the cluster are more clustered toward the center, while the oldest
ones are distributed almost homogeneously in space. Their figure
12 strongly resembles the populations’ distribution shown in our
Fig. 3. Along the same line Getman et al. (2014) analyzed the
age distribution of the stars in the ONC. Their analysis is based
on a new estimator of PMS ages derived from X-ray and nearin-
frared photometry. They find that PMS objects in the core of the
ONC appear younger and hence formed later than PMS stars in
the external regions.
Such a scenario has further interesting implications. In the
context of investigating the origin of “blue hook” stars in the
globular cluster ω Cen, Tailo et al. (2015) predicted that these
evolved stars originate from the evolution of a rapidly rotating
second-generation PMS population whose accretion discs have
suffered an early disruption in the dense environment of the clus-
ter’s central regions. The result shown in this work may repre-
sent the first observational evidence that such a mechanism takes
place in the early stages of a cluster’s formation.
Since the centers of the spatial distributions of the three pop-
ulations are not significantly different, we speculate that star for-
mation has been progressing along the line of sight and that the
youngest populations formed, on average, further away from us.
This view seems consistent with the fact that the Av distributions
for the stars in the different populations are not significantly dif-
ferent, and the youngest population showing a lack of very low-
Av sources. The clear decrease in the number of stars belonging
to the younger populations, with respect to oldest one, indicates
that the overall cluster-formation process is coming to an end,
and that the major of activity took place in the beginning when
the cluster started to form. This is opposed to the model of ac-
celerated star formation proposed by Palla & Stahler (2000). In
fact, the 1σ age intervals from Table 1 indicate that the typical
age spreads of the three populations are ∼0.5−0.8 Myr, which is
in excellent agreement with the characteristic dynamical time-
scale of 7 × 105 yr for the ONC derived by Tan et al. (2006).
Clearly, this prompts a revised look at the formation time-scales
of stars in clusters.
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